ABSTRACT Paclitaxel, a chemotherapeutic drug, induces severe peripheral neuropathy. Gabapentin (GBT) is a first line agent used to treat neuropathic pain, and its effect is mediated by spinal noradrenergic and muscarinic cholinergic receptors. Electro-acupuncture (EA) is used for treating various types of pain via its action through spinal opioidergic and noradrenergic receptors. Here, we investigated whether combined treatment of these two agents could exert a synergistic effect on paclitaxelinduced cold and mechanical allodynia, which were assessed by the acetone drop test and von Frey filament assay, respectively. Significant signs of allodynia were observed after four paclitaxel injections (a cumulative dose of 8 mg/kg, i.p.). GBT (3, 30, and 100 mg/kg, i.p.) or EA (ST36, Zusanli) alone produced dose-dependent anti-allodynic effects. The medium and highest doses of GBT (30 and 100 mg/kg) provided a strong analgesic effect, but they induced motor dysfunction in Rota-rod tests. On the contrary, the lowest dose of GBT (3 mg/kg) did not induce motor weakness, but it provided a brief analgesic effect. The combination of the lowest dose of GBT and EA resulted in a greater and longer effect, without inducing motor dysfunction. This effect on mechanical allodynia was blocked by spinal opioidergic (naloxone, 20 µg), or noradrenergic (idazoxan, 10 µg) receptor antagonist, whereas on cold allodynia, only opioidergic receptor antagonist blocked the effect. In conclusion, the combination of the lowest dose of GBT and EA has a robust and enduring analgesic action against paclitaxel-induced neuropathic pain, and it should be considered as an alternative treatment method.
INTRODUCTION
Paclitaxel is a lipophilic molecule derived from the Pacific yew tree, Taxus brevifolia, and it is a widely used chemotherapeutic agent for treating a broad range of cancers such as ovarian, breast, and lung cancers [1] [2] [3] . It promotes the death of tumor cells by disrupting the normal microtubule dynamics, which is important for cellular division, motility, and activation [4] . Although it has efficacy against tumors, adverse effects reported in patients treated with paclitaxel are dose-limiting factors that can even lead to discontinuation of treatment [5, 6] . One of the major side effects reported is peripheral sensory neurotoxicity, and about 60% of patients treated with paclitaxel develop this side effect [7] . Peripheral neurotoxicity is characterized by sensory symptoms such as cold and mechanical allodynia, and paresthesia in a glove-andstocking distribution [8] . These symptoms are symmetrical and may begin as early as 24 to 72 hours after treatment with higher doses of paclitaxel, but they usually occur only after multiple courses of paclitaxel at conventional doses [9, 10] .
Gabapentin (GBT) is an anti-epileptic drug that has structural analogy to gamma-aminobutyric acid GABA, and it is referred to as a first line agent for the treatment of neuropathic pain [11] Original Article
The efficacy of combination treatment of gabapentin and electro-acupuncture on paclitaxel-induced neuropathic pain which possesses strong analgesic activity against diverse neuropathic pain disorders in humans [12] [13] [14] as well as in rodents [15, 16] . The most important mechanism explaining the analgesic effect of GBT is probably the blockage of calcium influx into neurons. By blocking calcium influx, GBT reduces synaptic release of excitatory neurotransmitters and postsynaptic neuronal excitation in the brain and in the spinal cord [17, 18] . At the spinal level, GBT has been reported to act through the a2-adrenoceptor or muscarinic cholinergic receptors [19] [20] [21] . However, despite its analgesic effect, GBT also induces side effects such as somnolence, nausea, and vertigo, which prevent its wide use [22] .
Acupuncture has been proven to be clinically efficacious in reducing various types of pain, and electro-acupuncture (EA) is a procedure that combines acupuncture with electric current stimulation. The analgesic effect of EA on different types of pain has been reported in humans and rodents [23, 24] . Studies performed in animals have shown that EA significantly alleviates behavioral signs such as hyperalgesia and allodynia in peripheral nerve injury-induced neuropathic pain models [25] [26] [27] . Also, in chemotherapy-induced peripheral neuropathy (CIPN), results show that EA can relieve the symptoms induced by different chemotherapeutic agents [28, 29] . Over the past several years, our laboratory has demonstrated that EA can significantly attenuate nerve injury [25] and chemotherapy [30, 31] induced neuropathic pain. We have also clarified that EA reduces pain through the descending inhibitory system that involves spinal opioidergic [32] , a2-adrenergic [25] , and muscarinic cholinergic receptors [27, 33] . In a previously published article by other laboratory, EA also attenuated allodynia via the mediation of spinal opioid and a2-adrenergic receptors in paclitaxel-induced neuropathic pain in rats [34] .
Thus, in this article, we hypothesized that co-administration of GBT and EA could produce increased analgesic efficacy without causing any adverse effects. To test this hypothesis, we firstly investigated the analgesic effect of different doses of GBT or EA administered separately. Secondly, we assessed whether combined treatment with these two mechanistically distinct analgesic treatment agents could produce improved analgesic efficacy compared to the use of a single agent alone. Finally, we determined which spinal receptors were involved in mediating the effects of combined GBT and EA treatment.
METHODS

Animals
Young male adult C57BL/6 mice (Daehan Biolink, Chungbuk, Korea) of 6~8 weeks of age were housed in plastic cages with standard rodent food and water available ad libitum. Mice were retained in a 12 h-light/dark cycle with 60~70% relative humidity and temperature maintained at 23±2°C. Animals were adapted for seven days prior to all procedures. The animal studies were performed after receiving approval from the Institutional Animal Care and Use Committee (IACUC) of Kyung Hee University (KHUASP(SE)-16-153).
Paclitaxel administration
Paclitaxel administration produced neuropathic pain characterized by cold and mechanical allodynia in mice. Paclitaxel (Sigma Chemical Co., U.S.A.) was dissolved in 50% Ethanol and 50% Cremophor EL solution to a concentration of 6 mg/ml, and then, it was diluted in phosphate buffered saline (PBS) to obtain a target concentration of 0.2 mg/ml. Paclitaxel (2 mg/kg) or vehicle was injected intraperitoneally (i.p.) every other day to a total of four injections (days 0, 2, 4, 6). The accumulated concentration of paclitaxel was 8 mg/kg [35] .
Behavioral test
To determine whether cold and mechanical allodynia were induced in animals, acetone drop tests and von Frey filament assays were used, respectively [36] . Before starting behavioral tests, every mouse was adapted to the cage and to all testing procedures for seven days. Mice were placed on a stainless steel mesh floor with an acrylic cover (12×8×6 cm) and were adapted for 30 min prior to each test. Experimenters who were blinded to the treatments evaluated the behavioral tests.
To measure cold sensitivity, 10 µl of acetone (Daejung Chemical Ltd., Gyeonggi-do, Korea) was applied three times at the center of the plantar surface of each hind paw. After acetone was sprayed, the number of responses (withdrawal or flick, licking or shaking of the paw) was counted for 30 s [37] . The average number of responses was calculated using six scores obtained from each mouse.
Mechanical sensitivity was evaluated by the number of hind paw withdrawal responses to the von Frey filament stimulation (bending force: 0.4 g, Linton Instrumentation, Norfolk, UK) [38] . Each hind paw was poked 10 times on the mid plantar surface and each application was presented for approximately 3 s [39] . Withdrawal responses in the von Frey filament assay were obtained from both hind paws and were calculated as an overall percentage response (number of responses/20×100).
Rota-rod test
Rota-rod test was performed to assess the adverse effect of GBT at different doses and when it is combined with EA. A Rotarod treadmill device was purchased from Ugo Basile (S.R.L., VA, Italy). One hour after the injection of GBT or EA stimulation, mice of all groups were placed on a rotating drum revolving at a constant speed of 20 revolutions per minute [40] . Before the test, animals were trained to adapt to the horizontal revolving rod.
Only those rodents that were able to remain on the horizontal revolving rod for more than 300 s were used. The fall-off time at which each mouse fell from the rotating rod device was noted, and the cut-off time was set at 300 s, as used in other studies [41] .
Gabapentin and EA treatment
GBT was purchased from Sigma Chemical Co., USA, and it was dissolved in PBS. Six to eight mice were used in each GBT group (3, 30 , and 100 mg/kg, i.p.) [42, 43] . In the control group, four mice received the same volume of PBS, intraperitoneally. Acupoint Zusanli (ST36) was used for EA or manual acupuncture (MA) [44] . For EA stimulation at acupoint ST36, two acupuncture needles were inserted: one into the right side ST36 and another one 5 mm distal to ST36 (5 mm in depth). The tip of the electrode cables from an electrical stimulator (Nihon Kohden, Japan) was connected to a pair of steel acupuncture needles, and constant rectangular current pulses (2 Hz, 0.3-ms pulse duration) were applied for 20 min. For MA at ST36, an acupuncture needle was inserted into right side ST36, the same point as that for EA, for 20 min without electrical stimulation. EA and MA procedures was performed under isoflurane anesthesia [30] . Combination treatment with GBT and EA was performed to assess the possible synergistic effect. Along with EA or MA at ST36, mice received GBT (3 mg/kg) or the same volume of PBS, intraperitoneally.
Antagonist treatment
To investigate the analgesic action of GBT and EA at the spinal level, the opioid receptor antagonist naloxone (Sigma; 20 µg), the selective a2-adrenergic receptor antagonist idazoxan (Sigma; 10 µg), the non-selective muscarinic cholinergic receptor antagonist atropine (Sigma; 0.1 µg), or PBS was injected intrathecally in a volume of 5 µl with direct lumbar puncture under isoflurane anesthesia [21, 45] . A Hamilton syringe needle was used to inject antagonists into the subarachnoid space between L5 and L6. The antagonists were dissolved in PBS and were injected 20 min before GBT and EA administration.
Statistical analysis
The experimental results are presented as Mean ± Standard Error of the Mean (S.E.M.). All data were analyzed by the paired ttest or two-way analysis of variance (ANOVA). In all cases, p<0.05 was considered to indicate the level of statistical significance.
RESULTS
Cold and mechanical allodynia induced by multiple administration of paclitaxel
Multiple injections (days 0, 2, 4, 6) of paclitaxel (2 mg/kg, i.p.) produced cold and mechanical allodynia in C57BL/6 mice ( Fig. 1) . Vehicle (1:1 cremophor EL and EtOH diluted in PBS) was administered intraperitoneally as control. Cold and mechanical allodynia were assessed by the acetone drop test (10 µl) and von Frey filament assay (0.4 g bending force), respectively. Significant cold and mechanical allodynia signs were observable from day 7 to 14 ( Fig. 1) . On day 17, cold allodynia decreased to the control level (Fig. 1a) , whereas mechanical allodynia lasted longer, up to day 17 (Fig. 1b) . Vehicle had no effect on cold and mechanical sensitivity. 
Elapsed time of the dose-dependent effect of GBT on paclitaxel-induced cold and mechanical allodynia
The elapsed time of the anti-allodynic effect of different doses of GBT was assessed (Fig. 2 ). Mice were divided into four groups (PBS, 3, 30, and 100 mg/kg GBT), and responses to the acetone drop test and von Frey filament assay were recorded before the injection of paclitaxel (baseline) and after the injection of paclitaxel (time point zero). GBT was administered intraperitoneally at three different doses (3, 30 , and 100 mg/kg), and PBS (i.p.) was used as control. All assessments for observing the elapsed time effect of different doses of GBT were conducted between days 7 and 14, when significant cold and mechanical allodynia were present in mice (Fig. 1) . On the day of the evaluation, behavioral tests were conducted at time point zero (before the administration of GBT or vehicle), and at 60, 120, and 180 min after the initiation of treatment. The medium and highest doses of GBT (30 and 100 mg/kg) produced relieving effects, which lasted until 180 min after the injection, on both cold and mechanical allodynia (Fig. 2a,  b) . However, the lowest dose of GBT (3 mg/kg) produced an analgesic effect on cold allodynia that lasted only for 60 min after the treatment (Fig. 2a) , whereas the analgesic effect was not observed on mechanical allodynia (Fig. 2b) .
Elapsed time of the effect of EA and MA on paclitaxelinduced cold and mechanical allodynia
To evaluate the analgesic effect of EA and MA, mice were divided into three groups; control, EA, and MA. All three groups of mice exhibited cold and mechanical allodynia after paclitaxel injection. Mice in the control group did not undergo any further treatment. Both EA and MA were administered at ST36 acupoint for 20 min. Constant rectangular current pulses (2 Hz, 0.3-ms pulse duration) were applied for EA, whereas electrical stimulation was not applied for MA. Compared to the control, EA produced a stronger anti-allodynic effect than MA on both cold and mechanical allodynia (Fig. 3a, b) . Although MA produced relieving effects, when this group was compared to the control group, the effect was not statistically significant. The analgesic effects of EA were stronger at 60 and 120 min after administration, but the effect on both cold and mechanical allodynia disappeared after 180 min.
Elapsed time of the combined effects of GBT and EA on paclitaxel-induced cold and mechanical allodynia
The combined effects of GBT and EA on paclitaxel-induced cold and mechanical allodynia in mice are shown in Fig. 4 . The lowest dose of GBT (3 mg/kg, i.p.) and EA (ST36) were administered simultaneously. The anti-allodynic effect of combined application of GBT and EA was stronger and it lasted longer than the effect of the combination of GBT with MA or PBS with EA (GBT3+MA and PBS+EA). In the acetone drop test, the combination of PBS with EA produced a strong analgesic effect after 60 and 120 min of treatment, but the effect did not last up to 180 min, whereas the combination of GBT with EA produced an effect that lasted up to 180 min after the administration (Fig. 4a) . In the von Frey filament assay also, neither the effect of the combination of GBT with MA nor the effect of the combination of PBS with EA was observed within 120 min, whereas the combination of GBT with EA produced an analgesic effect that lasted until 180 min (Fig. 4b) . Mice with paclitaxelinduced cold and mechanical allodynia were divided into four groups: PBS (PBS, n=6), GBT 3 mg/kg (GBT3, n=7), GBT 30 mg/kg (GBT30, n=7), and GBT 100 mg/kg (GBT100, n=6). PBS was used as control and both PBS and GBT were administered intraperitoneally. 
Medium and high doses of GBT cause irregular motor function in paclitaxel-induced allodynic mice
To assess whether mice treated with three different doses of GBT or GBT with EA show irregular motor function, Rota-rod tests were conducted. Mice displaying cold and mechanical allodynia were divided into five groups (PBS, GBT 3 mg/kg, GBT 30 mg/kg, GBT 100 mg/kg, and GBT 3 mg/kg+EA). A Rota-rod test was performed under the condition of 20 rpm speed with a 300 second cut-off time. Paclitaxel injections were not found to result in motor dysfunction. The medium and highest doses of GBT induced dose-dependent dysfunction (Fig. 5) . However, the lowest dose of GBT or the combination of GBT with EA did not induce any motor dysfunction, thus demonstrating that the combination of GBT with EA did not induce any motor weakness.
Spinal analgesic mechanism of combination treatment with GBT and EA on paclitaxel-induced allodynia
To clarify the analgesic effect of combined GBT and EA administration at the spinal cord level, the opioidergic (naloxone), a2-adrenergic (idazoxan), or muscarinic cholinergic (atropine) receptor antagonist was injected intrathecally 20 min before the treatment. Naloxone, idazoxan, or atropine was injected in a volume of 5 µl, and the same volume of PBS was used as control.
In cold allodynia, naloxone, but not idazoxan and atropine, block the anti-allodynic effect of GBT and EA, showing that GBT and EA analgesic effect is mediated only by spinal opioidergic receptors. However, in mechanical allodynia, the effect was blocked by naloxone and idazoxan, but not atropine, stating that GBT and EA act via spinal opioidergic and/or a2-adrenergic, but not muscarinic cholinergic receptors on mechanical allodynia.
DISCUSSION
Paclitaxel-induced peripheral neuropathy is a serious side effect that requires interruption of treatment of tumors. Various agents are used to reduce this adverse effect; however, conventional analgesic drugs, such as non-steroidal anti-inflammatory drugs (NSAIDs) and antidepressants, have a poor action or induce side effects, which can lead to discontinuation of treatments [46] . Thus, an alternative treatment method is needed to reduce the side effect of paclitaxel [47] .
Experimental and clinical studies have reported that GBT is effective in relieving symptoms associated with acute and chronic neuropathy [48] [49] [50] . Furthermore, it was shown to be effective in peripheral neuropathy induced by various chemotherapeutic agents such as oxaliplatin [51] , vincristine [52] , and paclitaxel [53] . However, when GBT is used at high doses, despite its analgesic effect, side effects such as sedation and vertigo led to discontinuation of treatment [22] . To reduce these side effects and to increase the analgesic effect, an effort to combine GBT with other analgesic drugs or treatment methods has been made. Specifically, many studies have reported its use with morphine [6] , as GBT was reported to act via the spinal noradrenergic and muscarinic cholinergic system, whereas morphine acts as a opioid receptor agonist. Indeed, GBT, when used with morphine, was shown to increase pain tolerance threshold of cold stimulation [54] , and it also produced better analgesia in patients suffering from neuropathic cancer pain than when used alone [55, 56] .
EA is a treatment method that has a similar spinal mechanism as morphine, and in our previous experiments conducted in oxaliplatin-induced neuropathic pain in rats, EA was shown to produce a somewhat similar analgesic effect as morphine [31] . Furthermore, the opioidergic pathway was involved in the action of EA, as the opioidergic receptor antagonist completely blocked the analgesic effect of EA on oxaliplatin-induced neuropathic pain in rats. As mentioned earlier, EA also attenuated paclitaxelinduced mechanical allodynia and thermal hyperalgesia via the mediation of spinal opioid and a2-adrenergic receptors [34] .
Thus, in this article, we hypothesized that simultaneous injection of GBT, which acts via spinal a2-adrenergic and muscarinic receptors, and EA, which acts through opioidergic and a2-adrenergic receptors, may produce a synergistic effect without causing significant side effects.
To determine whether this hypothesis is true, we firstly, observed the elapsed time effect of three different doses of GBT (3, 30, and 100 mg/kg) on paclitaxel-induced cold and mechanical allodynia. Our results demonstrated that the medium and highest doses (30 and 100 mg/kg) of GBT provided a significant analgesic effect compare to the control. The lowest dose (3 mg/kg) of GBT had no effect on cold allodynia and it had only a small effect that lasted for 60 min on mechanical allodynia (Fig. 2) . However, the medium and highest doses of GBT induced motor dysfunction in Rota-rod tests, whereas the lowest dose-treated mice did not show any motor weakness (Fig. 5) .
Following the experience with GBT, we checked whether EA at ST36 acupoint can alleviate cold and mechanical allodynia induced by paclitaxel injection, and we found that it exerted a greater analgesic effect than MA performed at the same site (Fig.  3) . The analgesic effect of EA lasted until 120 min, whereas mice treated with MA showed no significant analgesic effect. ST36 is an acupoint generally used in pain conditions including neuropathic pain, and our laboratory has proved that acupuncture at ST36 has a stronger analgesic effect than that at any other acupoints based on studies conducted using different animal models [25, 30, 57] . In addition, EA at ST36 also produced a strong analgesic effect on paclitaxel-induced neuropathic pain [34] .
In our subsequent behavioral tests, we found that combined treatment with the lowest dose of GBT and EA had an analgesic effect that lasted longer (up to 180 min) and it was stronger than that of GBT combined with MA or EA combined with PBS (Fig.  4) . Furthermore, using Rota-rod test, we found that combination 5 . Rota-rod test performed in GBT and EA treated mice. Paclitaxel-induced cold and mechanical allodynic mice were divided into five groups for performing Rota-rod test: PBS (i.p., n=6), GBT3 (GBT 3 mg/kg, i.p., n=8), GBT30 (GBT 30 mg/kg, i.p., n=8), GBT100 (GBT 100 mg/kg, i.p., n=7), and GBT3+EA (GBT 3 mg/kg (i.p.)+EA (ST36), n=6). Rota-rod tests were performed under the condition of 20 rpm speed with a 300 second cut-off time. PBS was used as control. Data is presented as mean±S. E.M.; **p<0.01, ***p<0.001 vs. PBS; by paired t-test.
treatment with GBT and EA did not induce any motor weakness, as no significant difference was found between the GBT and EA combination group and the control group. Finally, to determine the spinal mechanism of the analgesic action of the combination of GBT and EA, we injected opioidergic, adrenergic, and muscarinic cholinergic receptor antagonists before treatment with GBT and EA. The results reported in Fig.  6 show that only the opioidergic receptor antagonist blocked the analgesic effect of the combination of GBT and EA on cold allodynia, whereas, both opioidergic and adrenergic receptor antagonists blocked the effect of the combination of GBT and EA on mechanical allodynia. Although we cannot clearly explain all the details of the process, this discrepancy may have resulted from the difference in the mechanism of cold and mechanical allodynia. In several experimental studies, cold allodynia is shown to be mediated mostly by C fibers [58] [59] [60] , and at the spinal cord level, the majority of opioid receptors are reported to be located on the presynaptic terminals of small unmyelinated C fibers than on those of large myelinated A primary afferent fibers [61] . This may explain why only naloxone blocked the analgesic effect of the combination of GBT and EA on cold allodynia, as mechanical allodynia is mediated by both A and C fibers [62] , and intrathecally administered a2-adrenergic agonist was reported to decrease only mechanical allodynia but not cold allodynia in a rat model of neuropathic pain [63] . However, in both cold and mechanical allodynia, the interaction of opioidergic and noradrenergic systems should not be ignored as their co-administration often leads to a synergistic effect, which may originate from the brain as GBT and EA are both known to act on different part of the brain involved in the descending pain inhibitory system. GBT was reported to decrease pain by activating locus coeruleus (LC), which is the largest group of noradrenergic neurons in the central nervous system (CNS) [64] , and EA by activating both periaqueductal grey (PAG) [65] , an abundant endogenous opioid peptide synthetization site, and LC [66] . In our experiments, the simultaneous activation of PAG and LC induced by both GBT and EA may enhance the opioidergic and noradrenergic descending inhibitory pathway, as activation of both brain part resulted in better analgesia than the stimulation of each site alone [67] . Moreover, although atropine did not block the effect of GBT and EA, the cholinergic system may also have played a role in this synergistic process by potentiating the effect of the opioidergic pathway in the brain, as the effect of microinjection of morphine and carbachol (the opioid receptor agonist and cholinergic receptor agonist, respectively) in the central nucleus of amygdala was blocked by naloxone pretreatment [68] . Moreover, the effect of co-administration of GBT with the opioid receptor agonist was also blocked by intrathecal naloxone pretreatment in a rat model of pain [69] . All these results let us speculate that the interaction of opioidergic, noradrenergic, and cholinergic system in the CNS could have led to a synergistic action of GBT and EA.
As mentioned above, in our experiments, atropine did not block the pain attenuating effect of GBT and EA, whereas, atropine blocked the effect of separately administered GBT [70] and EA [30] in other experiments conducted by others and our own laboratory, suggesting that different mechanism than that of the monotherapy may be involved in the analgesic mechanism of GBT and EA.
In conclusion, simultaneous treatment with the combination of the lowest dose of GBT (3 mg/kg) and EA at ST36 significantly attenuated cold and mechanical allodynia induced by four intraperitoneal injections of paclitaxel in mice. This combination of Fig. 6 . Analgesic mechanism at the spinal level due to the synergistic effect of GBT and EA on paclitaxel-induced allodynia in mice. (a) Effect of naloxone, idazoxan, atropine, and PBS pretreatment on the analgesic effect of GBT and EA on paclitaxel-induced cold allodynia. (b) Effect of naloxone, idazoxan, atropine, and PBS pretreatment on the analgesic effect of GBT and EA on paclitaxel-induced mechanical allodynia. Mice with paclitaxel-induced cold and mechanical allodynia were divided into four groups: PBS (i.t., n=6), Naloxone (20 µg, i.t., n=6), Idazoxan (10 µg, i.t., n=6), and Atropine (0.1 µg , i.t., n=5). Antagonists were injected 20 min prior to GBT and EA treatment, and all behavioral assessments were made 60 min after GBT and EA treatment. Data is presented as mean±S.E.M.; **p<0.01, ***p<0.001 vs. PBS; by paired t-test.
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GBT and EA produced a greater and longer effect than GBT or EA alone, and this analgesic effect was mediated by spinal opioidergic and/or a2-adrenergic receptors. These results suggest that combination treatment with GBT and EA could be used as an alternative method for reducing paclitaxel-induced neuropathic pain.
